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Abstract
Pentatricopeptide repeat proteins are one of the major protein families in flowering plants,
containing around 450 members. They participate in RNA editing and are related to plant
growth, development and reproduction, as well as to responses to ABA and abiotic stresses.
Their characteristics have been described in silico; however, relatively little is known about
their biochemical properties. Different types of PPR proteins, with different tasks in RNA
editing, have been suggested to interact in an editosome to complete RNA editing. Other
non-PPR editing factors, such as the multiple organellar RNA editing factors and the organ-
elle RNA recognition motif-containing protein family, for example, have also been described
in plants. However, while evidence on protein interactions between non-PPR RNA editing
proteins is accumulating, very few PPR protein interactions have been reported; possibly
due to their high instability. In this manuscript, we aimed to optimize the conditions for non-
denaturing protein extraction of PPR proteins allowing in vivo protein analyses, such as
interaction assays by co-immunoprecipitation. The unusually high protein degradation rate,
the aggregation properties and the high pI, as well as the ATP-dependence of some PPR
proteins, are key aspects to be considered when extracting PPR proteins in a non-dena-
tured state. During extraction of PPR proteins, the use of proteasome and phosphatase
inhibitors is critical. The use of the ATP-cofactor reduces considerably the degradation of
PPR proteins. A short centrifugation step to discard cell debris is essential to avoid PPR pre-
cipitation; while in some cases, addition of a reductant is needed, probably caused by the pI/
pH context. This work provides an easy and rapid optimized non-denaturing total protein
extraction protocol from plant tissue, suitable for polypeptides of the PPR family.
Introduction
Pentatricopeptide repeat containing proteins (PPRs) are found in some prokaryotes and
almost all eukaryotes. In plants, they represent one of the largest protein families [1]. They play
a major role in RNA metabolism [2, 3]. PPR proteins are essential in plant reproduction,
where their absence often causes lethality [4–7]. In addition, they have been related to plant
growth and development, through regulation of energy metabolism and responses to ABA, as
well as to abiotic stresses [1, 8]. PPR proteins are also associated with photosynthetic defects,
aberrant leaf development, changes in leaf pigmentation, tolerance to inhibitors of different
PLOS ONE | https://doi.org/10.1371/journal.pone.0187753 November 7, 2017 1 / 15
a1111111111
a1111111111
a1111111111
a1111111111
a1111111111
OPENACCESS
Citation: Andre´s-Cola´s N, Van Der Straeten D
(2017) Optimization of non-denaturing protein
extraction conditions for plant PPR proteins. PLoS
ONE 12(11): e0187753. https://doi.org/10.1371/
journal.pone.0187753
Editor: Miguel A. Blazquez, Instituto de Biologia
Molecular y Celular de Plantas, SPAIN
Received: July 10, 2017
Accepted: October 25, 2017
Published: November 7, 2017
Copyright: © 2017 Andre´s-Cola´s, Van Der Straeten.
This is an open access article distributed under the
terms of the Creative Commons Attribution
License, which permits unrestricted use,
distribution, and reproduction in any medium,
provided the original author and source are
credited.
Data Availability Statement: All relevant data are
within the paper and its Supporting Information
files.
Funding: This work was supported by Research
Foundation Flanders (FWO) (project G.0C84.14N).
The funder had no role in study design, data
collection and analysis, decision to publish, or
preparation of the manuscript.
Competing interests: The authors have declared
that no competing interests exist.
biosynthetic pathways, and restoration of pollen fertility [1]. Most of the plant PPR proteins
are located in mitochondria (65%) or chloroplasts (17%) [9]. PPR proteins are named based
on the presence of around 35-amino-acid motifs, repeated in tandem [1]. Depending on the
extra motifs, the PPR proteins are classified in different subfamilies (P-type and PLS) and sub-
groups (PLS, E, E+ and DYW). Each type of PPR protein is suggested to play a different task in
RNA editing and to interact in modular editosomes for a complete editing event [10–12].
Besides in silico prediction of their characteristics [13], relatively little is known about their bio-
chemical properties. Therefore, the working mechanisms of PPR proteins are by far not
completely understood.
The characterization of native protein interactions is a crucial step to decipher the molecu-
lar mechanisms of biological processes. The identification of the complete set of interacting
partners in multicomponent protein complexes, such as the PPR editosomes, is particularly
difficult and requires the consideration of a broad range of protein properties. In contrast to
the increasing number of reports on protein interactions between non-PPR RNA editing pro-
teins [11], only few examples of PPR protein interactions have been reported. Proof of protein
interaction among PPR proteins is mainly limited to yeast-two-hybrid or in vitro pull-down
assays [14–20]. Those interaction assays, performed out of the natural in vivo protein context,
may lead to false positives, given an inappropriate spatio-temporal expression (cell type, sub-
cellular compartment, lifecycle-time. . .), or even to false negatives, given the lack of unknown
partners or intermediate processes. Only three papers reported in vivo interactions of PPR pro-
teins in Arabidopsis thaliana: a first one showed bimolecular fluorescence complementation
(BiFC) in A. thaliana seedlings transiently transformed with two PPR proteins (CRR4 and
DYW1) which interact in chloroplasts [21]; another study revealed interaction of the PPR pro-
tein/mitochondrial editing factor 13 (MEF13) with MORF3 and MORF8 in mitochondria,
also by BiFC [15]; and a last one presented immunoprecipitation data from stably transformed
A. thaliana plants, showing interaction of the PPR protein Required for ACC RNA Editing 1
(RARE1) with RIP1 in chloroplasts [14]. Possible reasons for this relative delay in PPR protein
research may be related to their biochemical characteristics such as high instability, unfolding
properties and insolubility [22].
The most critical steps in any proteomic study are the protein extraction and the sample
preparation. In general, outside their proper environment, which can vary considerably
among cell compartments, proteins may misfold, aggregate and precipitate. Proteins are unsta-
ble when extracted from their in vivo context, especially in plants [23]. Depending on the par-
ticular biochemical properties of each protein, the factors and conditions which ensure protein
stability upon extraction can vary considerably. Moreover, these conditions must be compati-
ble with the downstream protein analysis. PPR proteins are known for their low expression
levels and for being notoriously difficult to express, enrich and purify. In this sense, optimiza-
tion studies to facilitate and improve PPR protein extraction approaches are meaningful. The
fact that plant PPR proteins were found to be part of complexes with other proteins or RNA,
sometimes attached to membranes [24], could also complicate the extraction of proteins in a
non-denaturing state, which would maintain in vivo protein interactions. Difficulties in
obtaining soluble PPR proteins upon expression in heterologous systems, such as Escherichia
coli or yeast, have been repeatedly reported [22, 25–27]. The specific isoelectric point (pI) of a
protein is also crucial for its solubility. PPR proteins can have a great variability of pI, such as
the Etype PPRs with a pI ranging from 5.23 to 9.11 [28]. Moreover, the phosphorylation of
some non-PPR editing factors was described as a crucial step for their proper subcellular local-
ization [29]. Given that many PPR proteins have an ambiguous localization, a similar phos-
phorylation mechanism could be involved in determining their subcellular localization. In
contrast, the phosphorylation of other proteins provides a hallmark for degradation in the
PPR protein extraction
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ATP-dependent ubiquitin/proteasome pathway [30]. Furthermore, ATP and divalent cations,
such as zinc, have been described as necessary cofactors for the RNA editing activity [31, 32].
Therefore, the common use of EDTA to inhibit the activity of metalloproteases could interfere
with the functional state of the editing factors.
Tissue disruption, inhibition of secondary metabolites, and solubilization of proteins with-
out affecting possible protein interactions is the goal of this work. In this manuscript, we report
on the difficulties faced when working with certain PPR proteins. We demonstrate the influ-
ence of different conditions and components in the protein extraction buffer. We aimed to
provide a straightforward protocol for non-denaturing PPR protein extraction from tran-
siently transformed Nicotiana benthamiana leaves for protein blotting detection. Allowing
simple and effortless analysis, this optimized procedure could help the scientific community
when working with PPR or similarly problematic proteins, thus helping to increase the knowl-
edge about one of the major protein families in flowering plants.
Results
Protein degradation over time
Most of the in vivo protein analyses, such as, for instance, co-immunoprecipitation experi-
ments, require a relative lengthy protocol. A first hurdle when working with PPR proteins was
the unusually low protein level leading to failure of protein detection at the end of the experi-
ment. This problem is not faced when working with most other proteins. To check whether
this absence of protein detection was due to an inefficient protein extraction or to protein deg-
radation after the extraction step, we decided to analyse the protein levels at time 0 and 2 h
after protein extraction, by blotting. With this purpose, two different types of PPR proteins,
the mitochondrial E+-type PPR protein SLO2 (At2g13600) [8] and the DYW-type PPR protein
DYW2 (At2g15690), dual localized in mitochondria and chloroplasts [9, 33], were tagged
with the human influenza hemagglutinin (HA) epitope or the green fluorescent protein
(GFP) protein. Constructs of the corresponding tagged proteins were transiently expressed in
N. benthamiana leaves. The mitochondrial chaperone protein HSP60.3B (At3g23990) was also
used as a non-PPR protein to compare with, and was co-infiltrated together with the SLO2
construct to allow comparative analysis. After 3 days of infiltration, proteins were extracted
from the leaves with a standard non-denaturing protein extraction buffer. We chose an extrac-
tion buffer slightly modified from the one used previously for chloroplastic PPR immunopre-
cipitation from stably transformed A. thaliana plants [14] and the one for weak protein-
protein interactions indicated in the μMACS Epitope Tag Protein Isolation Kit protocol (Mil-
tenyi Biotec) (see Methods section for the exact buffer composition); 2x EDTA-free protease
inhibitor cocktail was added according to the manufacturer’s recommendations against very
high proteolytic activity. Each sample was split in two: one half was immediately incubated
with sample buffer at 65˚C and subsequently transferred to 4˚C (0 h sample); the other half
was kept on ice for 2 h before incubation at 65˚C with the sample buffer (2 h sample). Equal
volumes of both halves were loaded onto a polyacrylamide gel and analysed by blotting. Pon-
ceau staining was used to check equal loading. All samples were analysed directly after prepa-
ration to avoid protein loss by storage and/or freezing steps. As shown in Fig 1, the PPR
proteins were detected at time 0 h after extraction but the protein levels were considerably
reduced after 2 h on ice. This effect was not observed for the chaperone protein, for which
the level was unaltered between 0 and 2 h. These results illustrate a protein degradation prob-
lem over time, specific for PPR proteins. Furthermore, it gave an incentive to eliminate the
standard 5-30 minutes extraction incubation step, commonly found in protein extraction
protocols.
PPR protein extraction
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Avoiding protein degradation during extraction
Given the observed high instability of PPR proteins, we decided to test the effect of different
components of the protein extraction buffer on inhibition of their particularly high protein
degradation rate. For this purpose, tagged versions of the SLO2 and DYW2 PPR proteins were
co-infiltrated in N. benthamiana leaves. After 3 days of infiltration, equal amounts of grinded
material from the same leaf were taken and extracted simultaneously with the different protein
extraction buffers. Each extracted sample was also split in two to compare time 0 and 2 h after
protein extraction. Each sample was immediately incubated at 65˚C with sample buffer after
the corresponding time. Equal volumes of each sample were loaded onto a polyacrylamide gel
Fig 1. Degradation of PPR proteins after extraction. Total protein extract from N. benthamiana leaves
infiltrated with SLO2-HA construct together with HSP60.3B-GFP (a) or DYW2-GFP alone (b). Aliquots at 0
and 2 h after extraction were analysed by western blot, stained with Ponceau and probed with anti-HA and
anti-GFP antibodies (HA-Ab and GFP-Ab, respectively). The respective molecular weights are: SLO2-HA,
84.03 kDa; DYW2-GFP, 92.56 kDa; and HSP60.3B-GFP, 87.42 kDa. The Ponceau membrane staining of the
most intense band at 55 kDa (presumably Rubisco) was used as a loading control. Full-length blots are shown
in S1 Fig. Histograms of GFP/HA-tagged protein, relative to Ponceau, are shown in S2 Fig.
https://doi.org/10.1371/journal.pone.0187753.g001
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and analysed by blotting. Ponceau staining was used to assess equal loading. Our starting point
was the same standard non-denaturing protein extraction buffer used before, containing
EDTA-free protease inhibitor cocktail. First, we tested the effect of EDTA as an inhibitor of
metalloproteases in the extraction buffer. An EDTA concentration ranging from 1 to 5 mM
was previously used in protocols for protein extraction from N. benthamiana leaves, and sub-
sequent immunoprecipation assays [34, 35]. We decided to test an intermediate concentration
of 2 mM EDTA. As shown in Fig 2, no significant differences were observed when comparing
the standard non-denaturing protein extraction buffer with or without EDTA.
Second, we tested the effect of a phosphatase inhibitor. Some editing factors were described
to be phosphorylated to allow proper subcellular localization, while their dephosphorylation
could lead to a non-functional protein susceptible to degradation by the 26S proteasome.
Therefore, we decided to test a proteasome inhibitor together with a phosphatase inhibitor.
The phosphatase inhibitor was used at the concentration recommended by the manufacturer,
Fig 2. Optimization of the extraction buffer components for PPR proteins. Total protein extracts from N.
benthamiana leaves co-infiltrated with SLO2-HA and DYW2-GFP constructs. The extraction buffer used was
complemented with 2 mM EDTA, 50 μM MG132 proteasome inhibitor, 1x phosphatase inhibitor, 5 mM ATP
and/or 1 mM PMSF. Aliquots at 0 and 2 h after extraction, and before (a) or after (b) o/n freezing at -20˚C,
were analyzed by western blot, stained with Ponceau and probed with anti-HA and anti-GFP antibodies
(HA-Ab and GFP-Ab, respectively). The respective molecular weights are: SLO2-HA, 84.03 kDa; and
DYW2-GFP, 92.56 kDa. The Ponceau membrane staining of the most intense band at 55 kDa (presumably
Rubisco) was used as a loading control. Full-length blots are shown in S1 Fig. Histograms of GFP/HA-tagged
protein, relative to Ponceau, are shown in S2 Fig.
https://doi.org/10.1371/journal.pone.0187753.g002
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and the concentration of the proteasome inhibitor was chosen according to the literature for
protein extraction or immunoprecipitation purposes [36, 37]. As shown in Fig 2A, the addition
of phosphatase inhibitor together with proteasome inhibitor increased considerably the
amount of protein detected after extraction, for both SLO2 and DYW2 PPR proteins.
Third, we tested the effect of adding ATP and extra protease inhibitor. Some editing factors
were described to require ATP as a cofactor for the RNA editing activity; consequently, it is
possible that, over time, the lack of this cofactor could lead to degradation of the non-func-
tional editing factors. We chose an ATP concentration of 5 mM, considering the published
ATP requirements for editing activity [31]. Additional protease inhibitor (phenylmethylsulfo-
nyl fluoride, PMSF) at a 1 mM concentration [35, 38] was also used. As shown in Fig 2A, the
addition of ATP together with PMSF decreased PPR protein degradation after 2 h of extrac-
tion, as compared with extraction buffers lacking them.
Furthermore, by analysing the same samples after an overnight storage at -20˚C, we corrob-
orated that the freezing storage of the extracted proteins results in PPR protein losses (Fig 2).
Preventing protein precipitation
Protein extraction protocols contain a centrifugation step to discard the cell debris. For in vivo
protein analyses such as co-immunoprecipitation assays, this centrifugation step is usually
much longer (10–30 minutes). After centrifugation, a white pellet, different from the green pel-
let containing cell debris, was obtained when working with PPR proteins. To check whether the
DYW2 PPR protein was precipitating during the centrifugation step, we decided to analyse the
protein level in aliquots taken before and after the centrifugation step. Each sample taken was
immediately incubated at 65˚C with sample buffer. Equal volumes of the samples were loaded
onto a polyacrylamide gel and analysed by blotting. Ponceau staining was used to assess equal
loading. As shown in Fig 3A, the protein was detected before the centrifugation but not in the
supernatant after centrifugation. Therefore, we decided to analyse the resulting pellet from the
same experiment to exclude a degradation issue. The pellet was taken and homogenized in sam-
ple buffer, incubated at 65˚C, and loaded onto a polyacrylamide gel. As shown in Fig 3B, the
protein was detected after centrifugation in the pellet, indicating protein precipitation.
Subsequently, we decided to check shorter centrifugation steps, and to test other methods
to discard cell debris from the tissue extract, such as filtering. With this purpose, an extracted
sample was split in three: two halves were centrifuged and the other half filtered. Aliquots were
taken before splitting the sample, after centrifugation, and after filtering. Each sample taken
was immediately incubated at 65˚C with sample buffer. Equal sample volumes were loaded
onto a polyacrylamide gel and analysed by blotting. Ponceau staining was used as a loading
control. The pellet was also taken and homogenized in sample buffer, incubated at 65˚C and
loaded onto the same gel. As shown in Fig 3C, reducing the centrifugation step to 1 min was
sufficient to recover a detectable amount of PPR protein while avoiding excessive precipita-
tion. A centrifugation of 2 minutes was already too much and resulted in precipitation of all
the protein (data not shown). Moreover, a filtering step with a 40 μM nylon mesh was also
effective in retaining a considerable amount of detectable protein (Fig 3C).
We noticed that some of the PPR proteins, such as DYW-type PPR proteins DYW2 and
MEF57 (At5g44230), are characterized by a high pI (7.51 and 7.78, respectively), close to the
pH of the extraction buffer, which is at 7.5 pH units. This may cause their precipitation during
the protein extraction procedure. Therefore, we decided to test other parameters of the extrac-
tion buffer that could affect the solubility of the proteins, especially in the case of the MEF57
protein, for which the previous modifications of the protocol were not sufficient to obtain an
acceptable amount of protein. For this purpose, tagged versions of the SLO2 and MEF57 PPR
PPR protein extraction
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proteins were co-infiltrated in N. benthamiana leaves. After 3 days of infiltration, equal
amounts of grinded material from the same leaf were taken and extracted simultaneously with
the different protein extraction buffers. Each sample was immediately incubated at 65˚C with
sample buffer. Equal volumes of each sample were loaded onto a polyacrylamide gel and ana-
lysed by blotting. Ponceau staining was used as a loading control. Our starting point was the
standard non-denaturing protein extraction buffer used before, containing EDTA-free prote-
ase inhibitor cocktail, plus phosphatase and proteasome inhibitors, ATP, and extra PMSF pro-
tease inhibitor. First, we tried to slightly increase the pH of the extraction buffer above the pI
of MEF57, to pH 8, but it did not improve protein detection (Fig 4A). Second, we tested the
effect of reductants that could prevent insoluble protein conformations. The sodium dodecyl
sulfate (SDS) reductant was tested at a 0.1% concentration, as indicated in the immunoprecipi-
tation protocol of the μMACS Epitope Tag Protein Isolation Kit (Miltenyi Biotec). In addition,
we used 14 mM β-mercaptoethanol, close to the highest concentration used in co-immunopre-
cipitation protocols in the literature [34, 39, 40]. As shown in Fig 4A, the addition of β-mercap-
toethanol, but not SDS, was effective at extracting the SLO2 and MEF57 proteins. We also
tested whether the addition of glycerol or the elimination of NaCl, helped to increase the pro-
tein level detected. A concentration of 10% glycerol was taken from the immunoprecipitation
protocol of Abcam (www.abcam.com/technical) or as mentioned in the literature [41]. No
Fig 3. Optimization of the removal of cell debris during the extraction of PPR proteins. Total protein
extract from N. benthamiana leaves infiltrated with DYW2-GFP construct. The extraction buffer used was
complemented with 50 μM MG132 proteasome inhibitor, 1x phosphatase inhibitor, 5 mM ATP and 1 mM
PMSF. Total protein extracts were centrifuged for 1 min or twice for 10 min at 12000 rpm and 4˚C or filtered on
a 40 μM nylon mesh. Samples before and after centrifugation or filtering, and the pellet, were analyzed by
western blot, stained with Ponceau and probed with anti-GFP antibodies (GFP-Ab). S, supernatant. Centrif.,
centrifugation. Filter., Filtering. The respective molecular weight is: DYW2-GFP, 92.56 kDa. The Ponceau
membrane staining of the most intense band at 55 kDa (presumably Rubisco) was used as a loading control.
Full-length blots are shown in S1 Fig. Histograms of GFP/HA-tagged protein, relative to Ponceau, are shown
in S2 Fig.
https://doi.org/10.1371/journal.pone.0187753.g003
PPR protein extraction
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significant changes were observed with respect to the standard extraction buffer without glyc-
erol or with NaCl (Fig 4A). Furthermore, we tested whether stronger detergents such as Triton
X-100 (slightly more hydrophilic than NP40) could help in extraction of these particular PPR
proteins. Triton X-100 was used at 1%, as the highest concentration advised in literature [34,
41] and applied in the immunoprecipitation protocol of Miltenyi (μMACS Epitope Tag Pro-
tein Isolation Kit protocol, Miltenyi Biotec). No improvement was observed, with respect to
the standard extraction buffer (Fig 4A).
Finally, we checked different concentrations of β-mercaptoethanol, trying to reduce the
negative side effects of this component in protein analyses in vivo. β-mercaptoethanol was
Fig 4. Optimization of the extraction buffer components for MEF57. Total protein extracts from N.
benthamiana leaves infiltrated with SLO2-HA construct together with MEF57-GFP. The extraction buffer was
complemented with 50 μM MG132 proteasome inhibitor, 1x phosphatase inhibitor, 5 mM ATP and 1 mM
PMSF. The pH, the NP40 detergent and the NaCl content were modified to pH 8, 1% Triton X-100 and 0 mM
NaCl (a). 0.1% SDS, 14 mM β-mercaptoethanol and 10% glycerol were tested (a). Several concentrations of
DTT and β-mercaptoethanol were also tested (b). Samples were analyzed by western blot, stained with
Ponceau and probed with anti-HA and anti-GFP antibodies (HA-Ab and GFP-Ab, respectively). The
respective molecular weights are: SLO2-HA, 84.03 kDa; DYW2-GFP, 92.56 kDa; MEF57-GFP, 100.62 kDa;
and HSP60.3B-GFP, 87.42 kDa. The Ponceau membrane staining of the most intense band at 55 kDa
(presumably Rubisco) was used as a loading control. Full-length blots are shown in S1 Fig. Histograms of
GFP/HA-tagged protein, relative to Ponceau, are shown in S2 Fig.
https://doi.org/10.1371/journal.pone.0187753.g004
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used in a concentration range of 0.04–14 mM, according to the co-immunoprecipitation pro-
tocols in the literature [34, 39, 40]. DL-Dithiothreitol (DTT) was tested as an alternative reduc-
tant. A concentration of 2 mM DTT was chosen from co-immunoprecipitation experiments of
mitochondrial PPR proteins in different plants [24, 42], and two lower concentrations (1 and
0.5 mM) were also tested. From Fig 4B, we can conclude that the concentration of DTT and β-
mercaptoethanol could be reduced to 1 and 0.04 mM, respectively, with no detrimental effect
on the protein extraction efficiency.
A flowchart of the optimized protocol is shown in Fig 5. The established protocol was suc-
cessful on downstream co-immunoprecipitation analysis [43], showing its applicability to in
vivo analyses.
Discussion
The standard protein extraction buffer used for PPR proteins in this paper was supplemented
with an EDTA-free protease inhibitor cocktail, which lacks any specific inhibitor of metallo-
proteases. Given that some RNA editing factors have been described to require divalent cat-
ions, which are chelated by EDTA, the extraction buffer was kept free of EDTA to avoid the
non-functionality of the PPR proteins that could possibly interfere with their solubility.
We emphasise the importance of working with freshly extracted proteins, since a freezing
and thawing step leads to loss of detectable protein. Accordingly, we recommend designing
the timing of the experiment such that western blotting can be performed immediately after
the protein extraction. If storage is unavoidable, it is recommended to perform it at 4˚C and as
brief as possible.
Furthermore, when using a reductant to prevent protein precipitation during the extrac-
tion, it is important to subsequently diminish the concentration of the reducing agent. The
reductant could interfere in successive analyses such as a co-immunoprecipitation assay, either
affecting the protein-protein interaction or the antibody properties. Moreover, a delicate bal-
ance in the amount of reductant is needed, on one hand being high enough to prevent protein
precipitation, on the other hand being low enough to avoid loss of protein–protein interaction
or of antibody integrity. Such a balance could be quite tricky. Therefore, instead of using
Fig 5. Flowchart of the optimized protocol.
https://doi.org/10.1371/journal.pone.0187753.g005
PPR protein extraction
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reductants to prevent protein precipitation, and since centrifugation could provoke aggrega-
tion and subsequent precipitation of the proteins, we propose to use a short centrifugation
step to discard the cell debris.
For some protein analyses such as a co-immunoprecipitation assay, the absence of cell
debris and aggregates is of utmost importance to avoid interferences that could result in a false
positive. Given that both filtering and 1-minute-centrifugation methods, shown to be effective
to extract PPR proteins, leave some cell debris in the sample, we recommend the combination
of a filtering step followed by a 1-minute-centrifugation. In our hands, this combination
proved to be efficient enough to retain PPR proteins while avoiding cell debris for successive
co-immunoprecipitation assays [43].
Conclusions
The high protein degradation rate, the aggregation properties, the need of ATP as a co-factor,
and the high pI are key aspects to be considered when extracting PPR proteins in a non-dena-
tured state. Therefore, the use of specific proteasome and phosphatase inhibitors is a critical
point when extracting PPR proteins. ATP is also needed to avoid protein degradation once the
PPR proteins have been extracted. Short centrifugation steps are another essential element to
avoid PPR precipitation. Last but not least, in some cases, a reductant such as DTT or β-mer-
captoethanol can be needed to prevent PPR protein precipitation, presumably caused by the
pI/pH context.
The observed high degradation rate of PPR proteins could explain the low number of PPR
protein interactions described in vivo. We provide an easy and rapid protocol for non-denatur-
ing PPR protein extraction from transiently transformed N. benthamiana leaves, with sugges-
tions for optimization for the proteins under study. The resulting protocol is useful for in vivo
protein analyses such as co-immunoprecipitation experiments. We hope that this straightfor-
ward optimized protocol will facilitate research on this major protein family, or similarly prob-
lematic proteins in plants.
Materials and methods
Plant materials and growth conditions
N. benthamiana leaves were used. Plants were grown in a 16 h light/8 h dark (long day) photo-
period, under white fluorescence light (75 μM m–2 s–1), and at 22˚C, for 2–3 months.
Plasmid constructs
Plasmids were constructed as previously described [42]. Briefly, the complete coding
sequences of interest were obtained from A. thaliana cDNA by HiFi PCR using attB-flanked
primers (S1 Table), which introduced the adequate sites for the subsequent cloning by the
Gateway system (Invitrogen) into the pDONR221 vector via BP reaction, and then confirmed
by sequencing. The verified fragments were cloned under the control of the constitutive
CaMV 35S promoter via LR reaction into the pK7WGF2 vector [44] for C-terminal fusion
with the GFP; and in the pGWB514 vector (kindly provided by Tsuyoshi Nakagawa [45]) for
C-terminal fusion with a 3xHA epitope.
Protein expression and extraction
Proteins were expressed as previously described [42]. 2-day cultures of Agrobacterium tumefa-
ciens harbouring the desired constructs and the silencing-suppressor p19 plasmid [46] were
pelleted, diluted to OD600 0.1–0.5 in infiltration buffer [0.5% (w/v) D-glucose; 10 mM MES; 10
PPR protein extraction
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mM MgCl2; 0.1 mM acetosyringone], and co-infiltrated in young N. benthamiana leaves. Sam-
ples were taken 3–6 days after infiltration.
Total proteins were extracted from plant material expressing the constructs of interest
(transiently transformed N. benthamiana leaves). The initial extraction buffer used in this
manuscript was slightly modified from the one used previously for chloroplastic PPR immu-
noprecipitation from stable transformed A. thaliana plants [14], and the one for weak protein-
protein interactions indicated in the μMACS Epitope Tag Protein Isolation Kit protocol (Mil-
tenyi Biotec), plus EDTA-free protease inhibitor cocktail according to the manufacturer’s rec-
ommendations for very high proteolytic activity: 50 mM Tris-HCl pH7.5, 150 mM NaCl, 1%
NP40 (Igepal CA630), 2x protease inhibitor mix cocktail without EDTA (EDTA-free Com-
plete, Roche REF04 693 132 001). As a result of this manuscript, for an optimized composition
of the extraction buffer, suitable for PPR proteins, the initial extraction buffer was comple-
mented with: 1x phosphatase inhibitor (PhosSTOP, Roche), 50 μM MG132 proteasome inhibi-
tor (C2211, SIGMA), 5 mM ATP and 1 mM PMSF. SDS 0.1%, β-mercaptoethanol 14 mM,
glycerol 10%, or varying concentrations of DTT and β-mercaptoethanol were also tested, as
indicated in this manuscript. The pH, the NP40 detergent, and the content of NaCl were modi-
fied to pH 8, Triton X-100 1% and 0 mM NaCl, as indicated, for testing. As a result of this
study, for optimized conditions of protein extraction suitable for PPR proteins, grinded sam-
ples were filtered with 40 μM nylon mesh and centrifuged for 1 min at 12000 rpm and 4˚C, to
discard the cell debris.
Western blotting
Protein samples were incubated with 2x sample buffer [Tris-HCl 250 mM, pH 6.8; glycerol
20% (v/v); SDS 4% (p/v); β-mercaptoethanol 10% (v/v) and bromophenol blue 0.025% (p/v)]
for 5 min at 65˚C, immediately after extraction. 30 μl of the protein samples were run in an 8%
SDS-PAGE gel and blotted on a 0.45 μm nitrocellulose membrane (Amersham Protran) at
4˚C. The membrane was stained with 0.1% Ponceau S in 1% acetic acid for 5 min. The back-
ground stain was removed by treatment with 1% acetic acid during 15 min before imaging.
The Ponceau S was completely removed with T-TBS buffer [Tris-HCl 20 mM, pH 7.5; NaCl
0.5 M; Tween-20 0.1%]. The membrane was probed as previously indicated [42], with 1:100
anti-HA-HRP (clone 3F10 Roche) or 1:100 anti-GFP-HRP (A10260 Invitrogen) in T-TBS, and
developed by a colorimetric assay (0.5 mg/ml DAB in 0.1 M imidazole pH 7 with 0.1 μl/ml
30% H2O2 and 54 μl/ml 0.6% CoCl2) [47]. Both antibodies were checked consecutively on the
same membrane with a washing step (T-TBS buffer for 30 min) in between. The PageRule pre-
stained protein ladder was used as size marker of 170, 130, 100, 70 (red), 55, 40, 35, 25 and 15
kDa (Thermo Scientific CN26616). The respective molecular weights are: SLO2-HA, 84.03
kDa; DYW2-GFP, 92.56 kDa; MEF57-GFP, 100.62 kDa; and HSP60.3B-GFP, 87.42 kDa.Image
J software was used to quantify the band intensity.
Supporting information
S1 Fig. Full-length blots. Protein ladder shown in the first run (170, 130, 100, 70 (red), 55, 40,
35, 25 and 15 kDa). The respective molecular weights were: SLO2-HA, 66.41 kDa;
DYW2-GFP, 92.56 kDa; MEF57-GFP, 100.62 kDa; and HSP60.3B-GFP, 87.42 kDa.
(PDF)
S2 Fig. GFP/HA-tagged protein amount relative to Ponceau. Histograms showing the GFP/
HA-tagged protein amount relative to Ponceau, according to band intensity in the blots.
(PDF)
PPR protein extraction
PLOS ONE | https://doi.org/10.1371/journal.pone.0187753 November 7, 2017 11 / 15
S1 Table. Oligonucleotides used for cloning.
(PDF)
Acknowledgments
D.V.D.S. gratefully acknowledges Ghent University and the Research Foundation Flanders
(FWO) for financial support (project G.0C84.14N). N.A.-C. and D.V.D.S. acknowledge Maria
Helena S. Goldman for the N. benthamiana seeds, helpful suggestions regarding experimental
design and data interpretation, and critical reading of the manuscript.
We acknowledge Antoni Garcia-Molina for helpful suggestions regarding experimental
design.
Author Contributions
Conceptualization: Nuria Andre´s-Cola´s, Dominique Van Der Straeten.
Data curation: Nuria Andre´s-Cola´s, Dominique Van Der Straeten.
Formal analysis: Nuria Andre´s-Cola´s, Dominique Van Der Straeten.
Funding acquisition: Dominique Van Der Straeten.
Investigation: Nuria Andre´s-Cola´s.
Methodology: Nuria Andre´s-Cola´s, Dominique Van Der Straeten.
Project administration: Dominique Van Der Straeten.
Visualization: Nuria Andre´s-Cola´s.
Writing – original draft: Nuria Andre´s-Cola´s.
Writing – review & editing: Dominique Van Der Straeten.
References
1. Barkan A, Small I. Pentatricopeptide repeat proteins in plants. Annual review of plant biology. 2014;
65:415–42. https://doi.org/10.1146/annurev-arplant-050213-040159 PMID: 24471833.
2. Saha D, Prasad AM, Srinivasan R. Pentatricopeptide repeat proteins and their emerging roles in plants.
Plant physiology and biochemistry: PPB. 2007; 45(8):521–34. https://doi.org/10.1016/j.plaphy.2007.03.
026 PMID: 17560114.
3. Schmitz-Linneweber C, Small I. Pentatricopeptide repeat proteins: a socket set for organelle gene
expression. Trends in plant science. 2008; 13(12):663–70. https://doi.org/10.1016/j.tplants.2008.10.
001 PMID: 19004664.
4. de Longevialle AF, Meyer EH, Andres C, Taylor NL, Lurin C, Millar AH, et al. The pentatricopeptide
repeat gene OTP43 is required for trans-splicing of the mitochondrial nad1 Intron 1 in Arabidopsis thali-
ana. The Plant cell. 2007; 19(10):3256–65. https://doi.org/10.1105/tpc.107.054841 PMID: 17965268;
PubMed Central PMCID: PMC2174710.
5. Liu Y, He J, Chen Z, Ren X, Hong X, Gong Z. ABA overly-sensitive 5 (ABO5), encoding a pentatricopep-
tide repeat protein required for cis-splicing of mitochondrial nad2 intron 3, is involved in the abscisic acid
response in Arabidopsis. The Plant journal: for cell and molecular biology. 2010; 63(5):749–65. https://
doi.org/10.1111/j.1365-313X.2010.04280.x PMID: 20561255.
6. Sung TY, Tseng CC, Hsieh MH. The SLO1 PPR protein is required for RNA editing at multiple sites with
similar upstream sequences in Arabidopsis mitochondria. The Plant journal: for cell and molecular biol-
ogy. 2010; 63(3):499–511. https://doi.org/10.1111/j.1365-313X.2010.04258.x PMID: 20497377.
7. Zhu Q, Dugardeyn J, Zhang C, Takenaka M, Kuhn K, Craddock C, et al. SLO2, a mitochondrial pentatri-
copeptide repeat protein affecting several RNA editing sites, is required for energy metabolism. The
Plant journal: for cell and molecular biology. 2012; 71(5):836–49. https://doi.org/10.1111/j.1365-313X.
2012.05036.x PMID: 22540321.
PPR protein extraction
PLOS ONE | https://doi.org/10.1371/journal.pone.0187753 November 7, 2017 12 / 15
8. Zhu Q, Dugardeyn J, Zhang C, Muhlenbock P, Eastmond PJ, Valcke R, et al. The Arabidopsis thaliana
RNA editing factor SLO2, which affects the mitochondrial electron transport chain, participates in multi-
ple stress and hormone responses. Molecular plant. 2014; 7(2):290–310. https://doi.org/10.1093/mp/
sst102 PMID: 23990142.
9. Colcombet J, Lopez-Obando M, Heurtevin L, Bernard C, Martin K, Berthome R, et al. Systematic study
of subcellular localization of Arabidopsis PPR proteins confirms a massive targeting to organelles. RNA
biology. 2013; 10(9):1557–75. https://doi.org/10.4161/rna.26128 PMID: 24037373; PubMed Central
PMCID: PMC3858439.
10. Ichinose M, Sugita M. RNA Editing and Its Molecular Mechanism in Plant Organelles. Genes (Basel).
2016; 8(1). https://doi.org/10.3390/genes8010005 PMID: 28025543; PubMed Central PMCID:
PMCPMC5295000.
11. Sun T, Bentolila S, Hanson MR. The Unexpected Diversity of Plant Organelle RNA Editosomes. Trends
in plant science. 2016; 21(11):962–73. https://doi.org/10.1016/j.tplants.2016.07.005 PMID: 27491516.
12. Yagi Y, Tachikawa M, Noguchi H, Satoh S, Obokata J, Nakamura T. Pentatricopeptide repeat proteins
involved in plant organellar RNA editing. RNA biology. 2013; 10(9):1419–25. https://doi.org/10.4161/
rna.24908 PMID: 23669716; PubMed Central PMCID: PMCPMC3858424.
13. Lurin C, Andres C, Aubourg S, Bellaoui M, Bitton F, Bruyere C, et al. Genome-wide analysis of Arabi-
dopsis pentatricopeptide repeat proteins reveals their essential role in organelle biogenesis. The Plant
cell. 2004; 16(8):2089–103. https://doi.org/10.1105/tpc.104.022236 PMID: 15269332; PubMed Central
PMCID: PMC519200.
14. Bentolila S, Heller WP, Sun T, Babina AM, Friso G, van Wijk KJ, et al. RIP1, a member of an Arabidop-
sis protein family, interacts with the protein RARE1 and broadly affects RNA editing. Proceedings of the
National Academy of Sciences of the United States of America. 2012; 109(22):E1453–61. https://doi.
org/10.1073/pnas.1121465109 PMID: 22566615; PubMed Central PMCID: PMC3365174.
15. Glass F, Hartel B, Zehrmann A, Verbitskiy D, Takenaka M. MEF13 Requires MORF3 and MORF8 for
RNA Editing at Eight Targets in Mitochondrial mRNAs in Arabidopsis thaliana. Molecular plant. 2015; 8
(10):1466–77. https://doi.org/10.1016/j.molp.2015.05.008 PMID: 26048647.
16. Hartel B, Zehrmann A, Verbitskiy D, van der Merwe JA, Brennicke A, Takenaka M. MEF10 is required
for RNA editing at nad2-842 in mitochondria of Arabidopsis thaliana and interacts with MORF8. Plant
molecular biology. 2013; 81(4–5):337–46. https://doi.org/10.1007/s11103-012-0003-2 PMID:
23288601.
17. Hu J, Wang K, Huang W, Liu G, Gao Y, Wang J, et al. The rice pentatricopeptide repeat protein RF5
restores fertility in Hong-Lian cytoplasmic male-sterile lines via a complex with the glycine-rich protein
GRP162. The Plant cell. 2012; 24(1):109–22. https://doi.org/10.1105/tpc.111.093211 PMID: 22247252;
PubMed Central PMCID: PMC3289560.
18. Sun T, Germain A, Giloteaux L, Hammani K, Barkan A, Hanson MR, et al. An RNA recognition motif-
containing protein is required for plastid RNA editing in Arabidopsis and maize. Proceedings of the
National Academy of Sciences of the United States of America. 2013; 110(12):E1169–78. https://doi.
org/10.1073/pnas.1220162110 PMID: 23487777; PubMed Central PMCID: PMC3607000.
19. Sun T, Shi X, Friso G, Van Wijk K, Bentolila S, Hanson MR. A zinc finger motif-containing protein is
essential for chloroplast RNA editing. PLoS genetics. 2015; 11(3):e1005028. https://doi.org/10.1371/
journal.pgen.1005028 PMID: 25768119; PubMed Central PMCID: PMC4359148.
20. Takenaka M, Zehrmann A, Verbitskiy D, Kugelmann M, Hartel B, Brennicke A. Multiple organellar RNA
editing factor (MORF) family proteins are required for RNA editing in mitochondria and plastids of plants.
Proceedings of the National Academy of Sciences of the United States of America. 2012; 109
(13):5104–9. Epub 2012/03/14. https://doi.org/10.1073/pnas.1202452109 PMID: 22411807; PubMed
Central PMCID: PMCPmc3324002.
21. Boussardon C, Salone V, Avon A, Berthome R, Hammani K, Okuda K, et al. Two interacting proteins
are necessary for the editing of the NdhD-1 site in Arabidopsis plastids. The Plant cell. 2012; 24
(9):3684–94. https://doi.org/10.1105/tpc.112.099507 PMID: 23001034; PubMed Central PMCID:
PMC3480295.
22. Coquille S, Filipovska A, Chia T, Rajappa L, Lingford JP, Razif MF, et al. An artificial PPR scaffold for
programmable RNA recognition. Nature communications. 2014; 5:5729. https://doi.org/10.1038/
ncomms6729 PMID: 25517350.
23. Tan SC, Yiap BC. DNA, RNA, and protein extraction: the past and the present. Journal of biomedicine &
biotechnology. 2009; 2009:574398. Epub 2009/12/17. https://doi.org/10.1155/2009/574398 PMID:
20011662; PubMed Central PMCID: PMCPmc2789530.
24. Uyttewaal M, Arnal N, Quadrado M, Martin-Canadell A, Vrielynck N, Hiard S, et al. Characterization of
Raphanus sativus pentatricopeptide repeat proteins encoded by the fertility restorer locus for Ogura
PPR protein extraction
PLOS ONE | https://doi.org/10.1371/journal.pone.0187753 November 7, 2017 13 / 15
cytoplasmic male sterility. The Plant cell. 2008; 20(12):3331–45. https://doi.org/10.1105/tpc.107.
057208 PMID: 19098270; PubMed Central PMCID: PMC2630448.
25. Kobayashi T, Yagi Y, Nakamura T. Development of Genome Engineering Tools from Plant-Specific
PPR Proteins Using Animal Cultured Cells. Methods in molecular biology (Clifton, NJ). 2016;
1469:147–55. Epub 2016/08/26. https://doi.org/10.1007/978-1-4939-4931-1_11 PMID: 27557692.
26. Kun W, Feng G, Renshan Z, Shaoqing L, Yingguo Z. Expression, Purification, and Secondary Structure
Prediction of Pentatricopeptide Repeat Protein RF1A from Rice. Plant Molecular Biology Reporter.
2010; 29(3):739–44. https://doi.org/10.1007/s11105-010-0260-7
27. Yin P, Li Q, Yan C, Liu Y, Liu J, Yu F, et al. Structural basis for the modular recognition of single-
stranded RNA by PPR proteins. Nature. 2013; 504(7478):168–71. https://doi.org/10.1038/nature12651
PMID: 24162847.
28. Liu JM, Zhao JY, Lu PP, Chen M, Guo CH, Xu ZS, et al. The E-Subgroup Pentatricopeptide Repeat Pro-
tein Family in Arabidopsis thaliana and Confirmation of the Responsiveness PPR96 to Abiotic Stresses.
Front Plant Sci. 2016; 7:1825. https://doi.org/10.3389/fpls.2016.01825 PMID: 27994613; PubMed Cen-
tral PMCID: PMCPMC5136568.
29. Law YS, Zhang R, Guan X, Cheng S, Sun F, Duncan O, et al. Phosphorylation and Dephosphorylation
of the Presequence of Precursor MULTIPLE ORGANELLAR RNA EDITING FACTOR3 during Import
into Mitochondria from Arabidopsis. Plant physiology. 2015; 169(2):1344–55. https://doi.org/10.1104/
pp.15.01115 PMID: 26304849; PubMed Central PMCID: PMC4587475.
30. Hershko A, Ciechanover A. The ubiquitin system. Annual review of biochemistry. 1998; 67:425–79.
Epub 1998/10/06. https://doi.org/10.1146/annurev.biochem.67.1.425 PMID: 9759494.
31. Hegeman CE, Hayes ML, Hanson MR. Substrate and cofactor requirements for RNA editing of chloro-
plast transcripts in Arabidopsis in vitro. The Plant journal: for cell and molecular biology. 2005; 42
(1):124–32. https://doi.org/10.1111/j.1365-313X.2005.02360.x PMID: 15773858.
32. Takenaka M, Brennicke A. RNA Editing in Plant Mitochondria: Assays and Biochemical Approaches.
2007; 424:439–58. https://doi.org/10.1016/s0076-6879(07)24020-0
33. Hooper CM, Castleden IR, Tanz SK, Aryamanesh N, Millar AH. SUBA4: the interactive data analysis
centre for Arabidopsis subcellular protein locations. Nucleic acids research. 2017; 45(D1):D1064–D74.
https://doi.org/10.1093/nar/gkw1041 PMID: 27899614; PubMed Central PMCID: PMC5210537.
34. Jaedicke K, Lichtenthaler AL, Meyberg R, Zeidler M, Hughes J. A phytochrome-phototropin light signal-
ing complex at the plasma membrane. Proceedings of the National Academy of Sciences of the United
States of America. 2012; 109(30):12231–6. https://doi.org/10.1073/pnas.1120203109 PMID:
22773817; PubMed Central PMCID: PMC3409733.
35. Singh R, Lee MO, Lee JE, Choi J, Park JH, Kim EH, et al. Rice mitogen-activated protein kinase interac-
tome analysis using the yeast two-hybrid system. Plant physiology. 2012; 160(1):477–87. https://doi.
org/10.1104/pp.112.200071 PMID: 22786887; PubMed Central PMCID: PMC3440221.
36. Irigoyen ML, Iniesto E, Rodriguez L, Puga MI, Yanagawa Y, Pick E, et al. Targeted degradation of
abscisic acid receptors is mediated by the ubiquitin ligase substrate adaptor DDA1 in Arabidopsis. The
Plant cell. 2014; 26(2):712–28. https://doi.org/10.1105/tpc.113.122234 PMID: 24563205; PubMed Cen-
tral PMCID: PMC3967035.
37. Magori S, Citovsky V. Agrobacterium counteracts host-induced degradation of its effector F-
box protein. Science signaling. 2011; 4(195):ra69. Epub 2011/10/20. https://doi.org/10.1126/scisignal.
2002124 PMID: 22009152.
38. Zhou X, Graumann K, Evans DE, Meier I. Novel plant SUN-KASH bridges are involved in RanGAP
anchoring and nuclear shape determination. The Journal of cell biology. 2012; 196(2):203–11. https://
doi.org/10.1083/jcb.201108098 PMID: 22270916; PubMed Central PMCID: PMC3265956.
39. Bracha-Drori K, Shichrur K, Katz A, Oliva M, Angelovici R, Yalovsky S, et al. Detection of protein-protein
interactions in plants using bimolecular fluorescence complementation. The Plant journal: for cell and
molecular biology. 2004; 40(3):419–27. https://doi.org/10.1111/j.1365-313X.2004.02206.x PMID:
15469499.
40. Krasileva KV, Dahlbeck D, Staskawicz BJ. Activation of an Arabidopsis resistance protein is specified
by the in planta association of its leucine-rich repeat domain with the cognate oomycete effector. The
Plant cell. 2010; 22(7):2444–58. https://doi.org/10.1105/tpc.110.075358 PMID: 20601497; PubMed
Central PMCID: PMC2929106.
41. Klenova E, Chernukhin I, Inoue T, Shamsuddin S, Norton J. Immunoprecipitation techniques for the
analysis of transcription factor complexes. Methods (San Diego, Calif). 2002; 26(3):254–9. Epub 2002/
06/11. https://doi.org/10.1016/s1046-2023(02)00029-4 PMID: 12054881.
42. Manavski N, Guyon V, Meurer J, Wienand U, Brettschneider R. An essential pentatricopeptide repeat
protein facilitates 5’ maturation and translation initiation of rps3 mRNA in maize mitochondria. The Plant
PPR protein extraction
PLOS ONE | https://doi.org/10.1371/journal.pone.0187753 November 7, 2017 14 / 15
cell. 2012; 24(7):3087–105. https://doi.org/10.1105/tpc.112.099051 PMID: 22773745; PubMed Central
PMCID: PMCPMC3426134.
43. Andre´s-Colas N, Zhu Q, Takenaka M, De Rybel B, Weijers D, Van Der Straeten D. Multiple PPR protein
interactions are involved in the RNA editing system in Arabidopsis mitochondria and plastids. Proceed-
ings of the National Academy of Sciences. 2017; 114(33):8883–8888. https://doi.org/10.1073/pnas.
1705815114 PMID: 28761003.
44. Karimi M, Inze D, Depicker A. GATEWAY vectors for Agrobacterium-mediated plant transformation.
Trends in plant science. 2002; 7(5):193–5. Epub 2002/05/07. PMID: 11992820.
45. Nakagawa T, Suzuki T, Murata S, Nakamura S, Hino T, Maeo K, et al. Improved Gateway binary vec-
tors: high-performance vectors for creation of fusion constructs in transgenic analysis of plants. Biosci-
ence, biotechnology, and biochemistry. 2007; 71(8):2095–100. https://doi.org/10.1271/bbb.70216
PMID: 17690442.
46. Voinnet O, Rivas S, Mestre P, Baulcombe D. An enhanced transient expression system in plants based
on suppression of gene silencing by the p19 protein of tomato bushy stunt virus. The Plant journal: for
cell and molecular biology. 2003; 33(5):949–56. Epub 2003/03/01. PMID: 12609035.
47. Pukac LA, Carter JE, Morrison KS, Karnovsky MJ. Enhancement of diaminobenzidine colorimetric sig-
nal in immunoblotting. BioTechniques. 1997; 23(3):385–8. Epub 1997/09/23. PMID: 9298203.
PPR protein extraction
PLOS ONE | https://doi.org/10.1371/journal.pone.0187753 November 7, 2017 15 / 15
